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a b s t r a c t

In order to develop high-efficiency and low-cost catalyst for the slurry-phase hydrocracking of vacuum
residue (VR), the catalyst supported on natural rectorite was prepared, and the effect of calcination
modification of rectorite on the catalyst properties and performance was investigated. The support of
rectorite and catalyst were characterized by XRD, FTIR, Py-FTIR, H2-TPR and XPS to examine their
structures and properties. The comparative reaction results show that VR conversions for the catalysts
supported on calcined rectorite were similar with that on raw rectorite, possibly due to the VR cracking
reaction controlled by the thermal cracking following free radical mechanism because of few acid sites
observed on the catalysts surface. However, the yields of naphtha and middle distillates for the various
catalysts were obviously different, and increased following as Rec-Mo (40.4 wt%) < Rec-600-Mo (52.7 wt
%) < Rec-450-Mo (53.5 wt%) < Rec-500-Mo (61.7 wt%), indicating that the calcination of rectorite favored
the enhancement of the yields of naphtha and middle distillates for the catalyst in the slurry-phase
hydrocracking process, it is attributed that the higher sulfidation degree of molybdenum oxide species
on the catalyst surface promoted hydrogenation reaction, thus restrained over-cracking reaction of in-
termediate product to produce gas.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

The continuously growing demand for clean transportation
fuels with the depletion of conventional petroleum reserves pro-
motes an increase of poor and heavy oil upgrading. Therefore, it is
significant to efficiently convert the residual oil into light fractions
oil in the refining industry, in which the composition of residual oil
is complex, containing paraffinic, naphthenic and aromatic hydro-
carbons with high contents of sulfur (S), nitrogen (N), vanadium
(V), nickel (Ni) and so on, but it is difficult and challenging to
achieve the efficient conversion of residual oil. Among several re-
sidual oil conversion processes, slurry-phase hydrocracking of
heavy oil technology is an alternative technology, which has been
attracting great attention because of its ability to process various
heavy oils and achieve a higher feedstocks conversion (Go et al.,
2018; Lim et al., 2018). It is known that the catalyst plays a
y Elsevier B.V. on behalf of KeAi Co
significant role on the performance in the slurry-phase hydro-
cracking process.

Slurry-phase hydrocracking catalysts mainly include oil-soluble
dispersed catalysts and solid powder dispersed catalysts
(Watanabe et al., 2002; Al-Attas et al., 2019). Oil-soluble dispersed
catalysts were obtained by introducing transitional metals (such as
Mo, Ni, Co and Fe) into oil soluble precursors to form organome-
tallic compounds (Kang et al., 2020; Yang et al., 2019; Li et al., 2019).
The active metal of catalyst can rapidly saturate the free radicals
produced via b-scission reaction of CeC by incorporating hydrogen
into the cracked active hydrocarbons, which favor to limit the ar-
omatic condensation reaction and over cracking reaction (Bellussi
et al., 2013; Nguyen et al., 2016; Kim et al., 2017). It has been
found that oil-soluble Mo catalyst exhibited higher performance
compared with other metals catalysts in the slurry-phase hydro-
cracking process (Kim et al., 2018; Liu et al., 2019). Moreover, the
synergy effect of bimetals catalyst on the heavy oil conversion and
the yield of light distillates oil was observed (Kim et al., 2019;
Nguyen et al., 2015). Oil-solution catalysts possess great catalytic
performance in the slurry-phase hydrocracking, but the high-cost
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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Table 1
Compositions and properties of VR.

Properties VR

Density, kg m�3 20 �C 985.5
Viscosity, 100 �C 84.7
Ni, ppm 46.2
V, ppm 111
S, wt% 3.1
N, ppm 3427
Conradson carbon residue, wt% 10.7
Boiling point, oC
<180 0.0
180e350 2.1
350e520 31.4
>520 66.5
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during organometallic compounds preparation restrict their wide
application in the petroleum refining industry.

Solid powder dispersed catalysts, generally inorganic minerals,
were widely employed in the early stage of the development of
slurry-phase hydrocracking technology, in which inorganic min-
erals were considered as the hydrogenation active phase and coke
carries in the slurry-phase hydrocracking process (Sanaie et al.,
2001; Matsumura et al., 2005). Matsumura et al., (2005) used the
natural limonite as catalyst to upgrade Brazilian Marlim vacuum
residue (VR), VR conversion was less than 80 wt%, C5-340 oC frac-
tion yield was about 34 wt%, and the coke yield was higher than
5 wt%. Red mud containing a mixture of Fe, Al and Ti oxide was
employed for the slurry-phase hydrocracking of VR, the result
showed that VR conversion was about 65 wt%, and the yield of
naphtha and diesel was lower than 34 wt%, as well as the active
phase for the hydrocracking reaction was pyrrhotite (Fe(x-1)Sx)
derived from iron oxide (Nguyen-Huy et al. 2012, 2013). Quitian
et al. (Quitian et al., 2016) found that ore catalyst of molybdenite
and hematite were able to inhibit the gas and coke formation
caused by decomposition and condensation reactions, and promote
the hydrogenation of the free radicals formed primarily via the
thermal cracking of CeC bond. Although the inorganic minerals as
catalyst have an advantage over the low cost in the slurry-phase
hydrocracking process, their inferior catalytic activity can’t meet
the demand for highly efficient conversion of heavy oils.

In order to overcome the drawbacks of oil-solution dispersed
catalysts and fine inorganic minerals catalysts, the transitional
metals such as Mo, Co and Ni were supported on carbon, alumina,
silica-alumina, even inorganic minerals to prepare the hydro-
cracking catalysts, which not only can provide more hydrogenation
active sites, but also play a role of coke carries (Looi et al., 2012; Park
et al., 2019; Viet et al., 2012). MoS2-amorphous-silica-alumina
(ASA) catalyst employed in the slurry-phase hydrocracking pro-
moted the cracking reaction and changed favorably the product
distribution (Sanchez et al., 2018). Puron et al., (2013) found that
NiMo/Al2O3 catalyst exhibited higher asphaltenes conversion with
lower coke deposition and a reduced gas yield at achieving similar
VR conversion compared with NiMo/ASA catalyst in the slurry-
phase hydrocracking of Maya VR, due to its larger pore lessening
diffusion limitation of asphaltenes molecules. Sahu et al., (2016)
reported that NieMo supported on goethite catalyst showed VR
conversion of 80 wt% with the low boiling point liquid products of
about 70 wt%, and found the products distribution depending on
the physical and chemical properties of the catalysts. In comparison
with the chemical synthesis materials of ASA and Al2O3, the natural
minerals not only have an advantage in very low cost, but also
contains some metals such as Ti and Zn, especially Fe, which can
transform to sulfided iron (Fe1-xS) acted as the hydrocracking active
sites (Du et al., 2018). Cortes et al., (2019) employed the modified
vermiculite as support to prepare the hydrocracking catalyst for
Athabasca Bitumen, and observed that Fe in vermiculite favored to
improve the catalyst activity for the Bitumen conversion. Our group
has studied the catalyst supported on natural bauxite modified by
acid-treatment and hydrothermal method for hydrocracking of coal
tar, the results shows that the acid-treatment and hydrothermal
modifications can enhance the catalyst performance in the hydro-
cracking process (Yue et al. 2016, 2018). However, the catalyst
presented lower conversion even though using relatively light oil of
coal tar with boiling point higher than 510 oC fraction less than
40 wt% as feedstock, while the processes of acid-treatment and
hydrothermal modification led to wastewater discharge and
increasing energy consumption.

In this study, natural rectorite after calcination was used as
support to prepare Mo catalysts for the slurry-phase hydrocracking
of VR, in which the effect of calcination modification on the natural
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rectorite properties and catalyst performancewas investigated. The
supports of calcined rectorite and catalysts were characterized by
XRD, FTIR, Py-FTIR, H2-TPR and XPS, as well as the catalyst perfor-
mance was evaluated in an autoclave reactor with VR as feedstock
to principally examine VR conversion and the yield of naphtha and
middle distillates in the hydrocracking process. This work is sig-
nificant for the development of high-efficiency and low-cost cata-
lysts for the slurry-phase hydrocracking.

2. Experimental section

2.1. Feedstock

Vacuum residue (VR) used as feedstock for the slurry-phase
hydrocracking was supplied by China Petrochemical Corporation,
its properties are shown in Table 1.

2.2. Catalysts

Natural rectorite was supplied by Zhongxiang Rectorite Co., Ltd.
(Hubei Province, P. R. China), its chemical analysis compositions are
shown in Table 2. The calcination modification of natural rectorite
was conducted at 450, 500 and 600 oC, which are denoted as Rec-
450, Rec-500 and Rec-600. Mo supported on calcined rectorite
catalyst was prepared by using the incipient wetness impregnation
method with aqueous solution of ammonium molybdate tetrahy-
drate ((NH4)6Mo7O24$4H2O, Adamas, 98%). The wet catalyst after
set at 25 oC for 12 h was dried at 120 �C for 10 h, and then calcined
at 500 �C for 4 h. The content of MoO3 in catalyst is 5 wt%. The
catalysts are designated as Rec-Mo, Rec-450-Mo, Rec-500-Mo and
Rec-600-Mo.

2.3. Characterizations

X-ray diffraction (XRD) analysis of the samplewas performed on
an Ultima IV diffractometer with Co Ka radiation at 40 kV and
40 mA, and the pattern was recorded in the 2q range from 5 to 90�

with a step of 0.02�. Fourier transform infrared (FTIR) was
employed to examine the framework structure of natural rectorite,
which was carried out on a Nicolet iS 10 spectrometer with the
sample diluted by KBr at the ratio of 1:100, and the FTIR spectra
were recorded in the wavenumber range from 4000 to 400 cm�1

with scans of 32. Pyridine adsorbed FTIR (Py-FTIR) of sample was
conducted after heated at 350 �C for 5 h under a vacuum of
1.3� 10�3 Pa, and the adsorption of pure pyridine vapor at 30 �C for
20 min was followed. Adsorbed pyridine was removed by evacu-
ating at 200 and 350 �C. H2 temperature programmed reduction
(H2-TPR) of natural rectorite and catalyst was carried out on an
ASAP-2920 instrument with a thermal conductivity detector (TCD).



Table 2
Chemical analysis compositions of natural rectorite.

Components, wt% SiO2 Al2O3 Fe2O3 CaO SO3 TiO2 K2O NaO

Rectorite 38.6 31.3 8.2 7.4 7.1 4.0 1.4 0.7
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The sample was pretreated at 300 �C for 30 min under Ar atmo-
sphere, and then heated from 50 to 950 �C with a rate of 10 �C/min
in the 10 vol% H2/Ar stream. X-ray photoelectron spectroscopy
(XPS) analysis of catalyst was performed on a Thermo Scientific
ESCALAB 250Xi instrument with a monochromatic Al Ka source,
and C1s peakwith a binding energy of 284.6 eV and Al 2p peakwith
a binding energy of 74.6 eV were used as the references to calibrate
the binding energy scale of Mo species. XPS spectra were recorded
by using a XPSPEAK41 software after a background subtraction, and
Gaussian-Lorentzian function was used for the spectrum decon-
volution. The relative concentrations of the species of MoS2, MoS-
xOy and Mo6þ oxide for each sulfided catalyst were determined
through their corresponding peak area. For example, the relative
MoS2 concentration was calculated as following:

[MoS2](%) ¼ AMoS2/(AMoS2þAMoSxOy þ AMo
6þ )

where AX represents the peak area of species X.
2.4. Catalyst evaluation

The slurry-phase hydrocracking performances of catalysts were
evaluated in a 300 mL stainless-steel autoclave reactor using VR as
a feedstock. VR, catalyst and appropriate sulfur powder were
loaded into the reactor with the catalyst content of 5 wt%. Prior to
the hydrocracking reaction, the catalyst was presulfurized with
sulfur powder at 250 oC for 35 min and 350 oC for 35 min. The
hydrocracking of VR was carried out at 420 oC under an initial H2
pressure of 13 MPa with the H2 to oil ratio (v/v) of 1000 for 90 min
with vigorous agitation. After the hydrocracking reaction, the
autoclave reactor was rapidly cooled to ambient temperature. The
mixture of product and catalyst was collected, and then centrifuged
to separate the liquid product and solid residue. The solid residue
was washed with toluene to obtain the toluene insoluble, which
included catalyst and coke. The liquid product was divided into four
fractions on the basis of the boiling point (BP) in a decompression
distillation plant, which are naphtha (BP < 180 oC), middle distil-
lates (BP 180e350 oC), vacuum gas oil (VGO, BP 350e520 oC) and
VR (BP > 520 oC). VR conversion and the yields of gas, naphtha,
middle distillates, VGO and coke were calculated as following:

VR conversion (%) ¼ (mass of >520 oC fraction in feed > mass of
>520 oC fraction in product) / (mass of >520 oC fraction in
feed) � 100%

Gas yield (wt%) ¼ (mass of gas in product) / (mass of the
feed) � 100%

Naphtha yield (wt%) ¼ (mass of <180 oC fraction in product / mass
of the feed) � 100%

Middle distillates yield (wt%) ¼ (mass of 180e350 oC fraction in
product emass of 180e350 oC fraction in feed) / (mass of the
feed) � 100%

VGO yield (wt%) ¼ (mass of 350e520 oC fraction in product emass
of 350e520 oC fraction in feed) / (mass of the feed) � 100%

Coke yield (wt%) ¼ (mass of coke) / (mass of the feed) � 100%
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3. Results and discussion

3.1. Structure and properties of rectorite

3.1.1. Crystalline structure
Fig. 1 shows the XRD patterns of raw rectorite and rectorites

calcined at different temperatures. The peaks at about 2q¼ 7.0o and
19.8o were assigned to the characteristic diffraction peaks of rec-
torite crystalline structure (Zhang et al., 2010; Bao et al., 2019),
while therewere some impurities such as rutile TiO2 corresponding
to 2q ¼ 27.4o and hematite Fe2O3 corresponding to 2q ¼ 33o and
35.5o in the raw nature rectorite (Nguyen-Huy et al., 2012; Liu et al.,
2019), because the rectorite contained Fe2O3 of 8.2 wt% and TiO2 of
4.0 wt% on the basis of the chemical compositions analysis in
Table 2. The intensity of diffraction peaks of rectorite crystalline
structure decreased after calcination, especially the peak at
2q ¼ 7.0o, indicating that the crystalline structure of rectorite was
destroyed during the calcination process, possibly due to the loss of
interlay water under the high temperature calcining. No obvious
change was observed for the diffraction peaks of nature rectorites
calcined at different temperatures, indicating the calcination tem-
perature higher than 450 oC had no remarkable effect on the rec-
torite crystalline structure.

FT-IR spectra of nature rectorites calcined at different temper-
ature are shown in Fig. 2. The peaks at 3640 and 3430 cm�1

observed in IR spectra of rectorites were assigned to the bending
vibration of hydrogen band of the hydroxyl stretching in SiOH and
interlaminar water, respectively. The peak at 1040 cm�1 was
associated with the in-plane SieOeSi stretching vibration, and the
peak at 705 cm�1 was ascribed to the bending vibration of SieOeAl
(Zheng et al., 2013). The peak at 3640 cm�1 corresponding to the
hydrogen band vibration of SiOH hydroxyl stretching disappeared
after rectorite calcination because of the eOH dropping from SiOH
structure. Moreover, the intensity of peak at 3430 cm�1 dramati-
cally decreased for the rectorite calcined at 600 oC, nearly dis-
appeared, indicating that the interlaminar water fell off from the
rectorite structure when heated at 600 oC. In addition, all IR peaks
positions of rectories had no shift during the calcination process.

3.1.2. Acid properties
The acid properties of the calcined rectorites were investigated

by Py-FTIR. The Py-FTIR spectra of the calcined rectorites measured
at 200 and 350 oC are shown in Fig. 3. The band at 1450 and
1540 cm�1 are assigned to the Lewis (L) and Brønsted (B) acid sites,
respectively (Tan et al., 2008;Wei et al., 2019). No obvious peak was
observed for raw rectorite at both of 200 and 350 oC in the Py-FTIR
spectra. While there was slightly weak peak at 1450 cm�1 for the
calcined rectorite measured at 200 oC. The detail amounts of acid
sites at 200 and 350 �C for the calcined rectorites are summarized
in Table 3. It is found that the amount of acid sites of calcined
rectorites had no distinct increase compared with that of raw rec-
torite, which were less than 10 mmol/g for both L and B acid sites,
suggesting that the calcined modification did nearly not increase
acid sites on the rectorite.

3.1.3. H2-TPR results
Fig. 4 displays H2-TPR profiles of nature rectorites calcined at

various temperatures. The reduction peaks of H2-TPR profiles can
reflect the hydrogen consumption. Raw rectorite exhibited two
reduction peaks, which were at center of 495 and 770 oC, respec-
tively. Nature rectorite contained Fe2O3 with the content of 8.2 wt%
more than other metallic oxides, except for Al2O3 and SiO2, ac-
cording to the chemical compositions analysis of rectorite. Thus, the



Fig. 1. XRD patterns of rectorites calcined at different temperatures.

Fig. 2. FT-IR spectra of rectorites calcined at different temperatures.
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Fig. 3. Py-FTIR spectra of calcined rectorites measured at (a) 200 �C and (b) 350 �C.

Table 3
The amount of acid sites of calcined rectorites.

Samples Temperature,�C L, mmol/g B, mmol/g L þ B, mmol/g

Rec-raw 200 0.3 0.7 1.0
350 0.2 0.5 0.7

Rec-450 200 7.6 0.1 7.7
350 2.7 0.0 2.7

Rec-500 200 2.3 1.0 3.3
350 0.9 0.9 1.8

Rec-600 200 4.2 1.1 5.3
350 1.8 0.9 2.7
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peaks of rectorite were considered as the reduction peaks of iron
oxides species. The reduction steps of iron oxides species in
hydrogen usually follows as: from Fe2O3 to Fe3O4, and then from
Fe3O4 to FeO, finally from FeO to Fe, as reported in the literatures
(Mogorosi et al., 2012; Cheng et al., 2015). Hence, the peak at center
of 495 oC was ascribed to the reduction of hematite (Fe2O3) to
magnetite (Fe3O4), and the peak at center of 770 oC was attributed
to formation of Fe though the reduction of FeO. The rectorite
calcined at 450 oC also showed two reduction peaks, and the
reduction peak positions were similar with that of raw rectorite,
suggesting no new iron oxides species formation, but the area of
peak at 495 oC was remarkably larger than that of raw rectorite, it
may be that calcination made inert iron oxides into active iron
phase. A peak at center of 615 oC appeared for the rectorite calcined
at 500 oC, associating with the reduction of magnetite to FeO, and it
became stronger accompanied with the peak at 490 oC becoming
weaker for the rectorite calcined at 600 oC, indicating that some
amount of hematite converted intomagnetite in the rectorite when
calcined at the temperature higher than 500 oC.

3.2. Catalysts properties

3.2.1. H2-TPR analysis of catalysts
H2-TPR profiles of Mo catalysts supported on rectorites calcined

at different temperatures are shown in Fig. 5. It is clear that there
were two reduction peaks centered at the temperature of 560 and
780 oC for all Mo catalysts supported on rectorites, in which the
peak at 560 oC was ascribed to the reduction of octahedral Mo6þ

species to tetrahedral Mo4þ species, Fe2O3 species to Fe3O4 species
and Fe3O4 species to FeO species, as well as the peak at 780 oC was
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attributed to the tetrahedral Mo4þ species to Mo and FeO species to
metallic iron. In comparison with the catalyst supported on raw
rectorite, the two reduction peaks positions had no obvious shift for
the catalyst supported on calcined rectorites, however, remarkable
change of peak area was observed for the catalyst supported on
calcined rectorites, especially the low-temperature reduction peak.
The low-temperature reduction peak area of catalysts supported on
calcined rectorites decreased compared with that of catalyst sup-
ported on raw rectorite, and it changed in the order of Rec-
Mo > Rec-500-Mo > Rec-450-Mo z Rec-600-Mo, indicating the
amount of octahedral Mo6þ, Fe2O3 and Fe3O4 species on catalyst of
rectorite calcined at 500 oC was slightly less than that on catalyst of
raw rectorite, but more than those on catalyst of rectorite calcined
at 450 and 600 oC, it may be that the change of hydroxyl on rectorite
during the calcination had an effect on the Mo species phase for-
mation on the catalysts surface.
3.2.2. XPS analysis
The chemical surface compositions of sulfided catalysts sup-

ported on rectorites were investigated by XPS. Fig. 6 displays Mo 3d
XPS spectra and deconvolution results of sulfided catalysts sup-
ported on rectorites calcined at various temperatures. The Mo 3d
XPS spectra include three doublets, the doublets with bending
energy at 229.3 and 232.5 eV are related to Mo 3d5/2 and Mo 3d3/2
levels for the Mo4þ in MoS2 phase species, the doublets with
bending energy at 230.5 and 233.8 eV are ascribed to Mo 3d5/2 and
Mo 3d3/2 levels for the Mo5þ in MoSxOy oxysulfide species, and the
doublets with bending energy at 232.7 and 235.9 eV are assigned to
Mo 3d5/2 and Mo 3d3/2 levels for the Mo6þ in MoO3 oxide species
(Nikulshin et al., 2014; Pimerzin et al., 2017; Zhou et al., 2018). The
deconvolution results of different catalysts based on XPS spectra
are summarized in Table 4. It is found that the sulfidation degree of
Mo species (Mo4þ proportion) on the calcined rectorites catalysts
was higher than that on raw rectorite catalyst, especially the
catalyst on rectorite calcined at 500 oC, it may be ascribed that
calcination modulated the surface hydroxyl on rectorite, further
influenced the interaction of Mo species and rectorite. In general,
the catalyst with high sulfidation degree presents high hydroge-
nation activity in the hydrocracking and/or hydrotreating process
(Nikulshin et al., 2014; Pimerzin et al., 2017; Cui et al., 2013; Liu
et al., 2020).



Fig. 4. H2-TPR profiles of nature rectorites calcined at different temperatures.

Fig. 5. H2-TPR profiles of Mo catalysts supported on rectorites calcined at different temperatures.
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Fig. 6. Mo 3d XPS spectra and deconvolution results of sulfide catalysts supported on rectorites calcined at different temperatures.

Table 4
Mo(3d) XPS deconvolution results of sulfided catalysts.

Catalysts Mo percentage, % Mosulfidation, %

Mo4þ Mo5þ Mo6þ

Rec-Mo 71 3 26 71
Rec-450-Mo 75 2 23 75
Rec-500-Mo 82 1 17 82
Rec-600-Mo 78 2 20 78
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3.3. Catalytic performance

The performance of catalyst supported on calcined rectorite was
evaluated in the slurry-phase hydrocracking of VR at 420 �C under
an initial H2 pressure of 13.0 MPa. Fig. 7 shows VR conversions of
the different catalysts. The VR conversion of Rec-Mo catalyst was
about 77.0 wt%, and no notable change of the conversion was
observed for the catalysts supported on calcined rectorites,
exceptionally Rec-450-Mo catalyst with VR conversion of 81.0 wt%.
It has been reported that the slurry-phase hydrocracking over oil
dispersed catalyst or catalyst with few acid sites occurred above
1873
420 oC was considered as a thermal cracking reaction path
accompanied with hydrocracking reaction path (Kim et al., 2017;
Matsumura et al., 2005; Nguyen et al., 2013). The thermal cracking
reaction followed free radical mechanism,mainly depending on the
reaction temperature, while hydrocracking reaction followed car-
benium ion mechanism, which was principally affected by the acid
sites of catalysts at the same reaction condition. There were few
acid sites in rectorites examined by Py-FTIR, shown in Table 3.
Hence, it is concluded that the almost same VR conversions for all
catalysts were attributed to the slurry-phase hydrocracking
controlled by the thermal cracking reaction following free radical
mechanism.

The products distribution is significant for the conversion of
heavy and poor feedstocks into light oil fractions in the refining
industry, in which more amount of the valuable fractions of
naphtha and middle distillates corresponding to the boiling point
range of gasoil and diesel was expected to produce, but gas and
coke as worthless product, especially coke causing negative effect
on the catalyst and reactor, were as infamous fraction. The yields of
naphtha andmiddle distillates are shown in Fig. 7, and the products
distribution of the catalysts supported on rectorites calcined at
various temperatures are shown in Fig. 8. The yields of naphtha and



Fig. 7. VR conversions and yields of naphtha and middle distillates for the various catalysts.
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middle distillates for the various catalysts increased following as
Rec-Mo (40.4 wt%) < Rec-600-Mo (52.7 wt%) < Rec-450-Mo
(53.5 wt%) < Rec-500-Mo (61.7 wt%), indicating that the calcina-
tion of rectorite was beneficial for the enhancement of the yields of
naphtha and middle distillates in the slurry-phase hydrocracking
process.

The detail yields of gas, naphtha, middle distillates, VGO, resi-
dues and coke of the various catalysts were distinctly different, as
shown in Fig. 8. Rec-Mo catalyst presented the naphtha yield of
14.9 wt% and middle distillates yield of 25.5 wt%, both of which
obviously increased for the catalysts supported on calcined rec-
torites, especially Rec-500-Mo catalyst with the naphtha yield of
Fig. 8. Products distribution of VR hydr

1874
25.4 wt% and middle distillates yield of 36.3 wt%. Moreover, the gas
yield of Rec-Mo catalyst was up to 28.2 wt%, distinctly higher than
that of the catalysts supported on calcined rectorites, and the gas
yield of Rec-500-Mo catalyst reduced to 7.9 wt%. In addition, there
was no remarkable change on the coke yield for the various cata-
lysts. It is concluded that the catalysts supported on calcined rec-
torite had better performance compared with Rec-Mo catalyst on
the basis of product distribution, especially Rec-500-Mo catalyst, it
is attributed that the higher hydrogenation activity of the catalyst
restrained over cracking reaction of intermediate product to pro-
duce gas.
ocracking for the various catalysts.
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4. Conclusions

In this study, the catalysts supported on natural rectorite were
prepared, and the effect of calcination modification on the catalysts
properties was examined. The catalyst performance was conducted
in an autoclave reactor at 420 oC and an initial H2 pressure of
13 MPa. The reaction results show that the catalysts supported on
calcined rectotire exhibited similar VR conversions with the cata-
lyst supported on raw rectorite, it is ascribed that the thermal
cracking reaction following free radical mechanism controlled the
reaction process, because there were few acid sites on the catalyst
surface. However, the yields of naphtha and middle distillates for
the catalysts supported on calcined rectorite were obviously higher
compared with that on raw rectorite, especially the yields of
naphtha and middle distillates over Rec-500-Mo catalyst up to
61.7 wt%, indicating that the calcination of rectorite was beneficial
for improving the yields of naphtha and middle distillates in the
slurry-phase hydrocracking process, it is attributed that the higher
sulfidation degree of molybdenum oxide species on catalyst pro-
moted the hydrogenation reaction, thus inhibited the over-cracking
reaction of intermediate product to produce gas. This study is sig-
nificant for the development of high-efficient and low-cost catalyst
for the slurry-phase hydrocracking of heavy and poor oil.
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